Abstract. Traumatic brain injury (TBI) affects people in all demographics, since it is associated with a variety of chronic degenerative diseases, such as Alzheimer's and Parkinson's disease. In TBI, the central nervous system elicits an immune response involving various immune cells that is necessary for healing and defending the body against pathogens, but can also cause secondary damage to the brain if the response is prolonged. In our clinical practice, it has been identified that administration of dexmedetomidine was associated with reduced production of inflammatory cytokines in patients with TBI, which led to the hypothesis that dexmedetomidine may regulate certain inflammatory responses. To test this hypothesis, the roles of dexmedetomidine in the immune system of mice were investigated. Different biological assays were used to assess the influence of dexmedetomidine on the production of inflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-8 and IL-1β. To understand how dexmedetomidine affects different types of immune cells, the influence of dexmedetomidine on splenocytes was also investigated. Finally, the effects of dexmedetomidine on macrophage activation and inflammatory functions were studied. In the present study, clinical observations and in vivo results using a mouse model of TBI revealed the regulatory functions of dexmedetomidine in TBI-associated immune response.
Introduction
Traumatic brain injury (TBI) is of significant public concern since it affects people in all demographics. TBI is usually induced by the occurrence of mechanical forces to the head, which can be followed by loss of consciousness. The severity, pathogenesis, and treatment outcomes of brain trauma are case-dependent. Brain trauma causes millions of deaths worldwide with a tremendous life and economic cost each year (1) . Current studies associate TBI with a variety of chronic degenerative diseases, such as Alzheimer's and Parkinson's disease (2) . It is necessary to understand the pathological mechanisms of TBI in order to improve the clinical therapeutic strategies for the benefit of patients.
Inflammation is one of the most prominent reactions associated with TBI. When TBI occurs, inflammation is caused by macrophages, microglia and other immune cells, such as monocytes and T cells, in the central nervous system. In brief, macrophage and microglia in the injured area quickly respond to the injury by sending damage-associated molecular patterns leading to local secretion of cytokines and chemokines (3). These cytokines and chemokines then recruit immune cells such as neutrophils (4, 5) , which infiltrate injured brain tissues and further promote the secretion of cytokines and cause oxidative stress (6, 7) . The exact mechanisms of TBI pathogenesis remain undetermined, therefore, one area of focus is the study of the association between neurodegeneration and inflammation, especially modulating traumatic injury, through the adoption of immunosuppressants. The inflammatory responses in TBI are required for healing and defending the body against pathogens; however prolonged inflammation in the injured brain can cause secondary damage. Therefore anti-inflammatory drugs, including corticosteroids, nonsteroidal anti-inflammatory drugs and cytokine inhibitors, have been explored for treating TBI (8) with a significant portion of these treatments able to reduce symptoms and improve brain function.
Dexmedetomidine is an agonist that selectively functions via targeting the 2-adrenergic receptor in the nervous system. In a clinical setting, dexmedetomidine is widely employed for sedating patients who need mechanical ventilation within 24 h of incidence (9) . Dexmedetomidine can modulate the secretions of catecholamines in patients through interacting with the 2-adrenergic receptor. Current studies have also identified the multifaceted protective functions of dexmedetomidine against inflammation (10) (11) (12) . In vitro studies have demonstrated that dexmedetomidine significantly reduced lipopolysaccharide (LPS)-induced secretion of pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-6 and IL-8 (13). In clinical practice, studies have illustrated similar anti-inflammatory effects although inconsistencies between studies exist (13) (14) (15) (16) (17) (18) . Dexmedetomidine also reduces patients' need for anesthetic treatment (19) , and can reduce the blood pressure and heart rate of patients in a dose-dependent manner (20) . Injection of dexmedetomidine prior to surgery can reduce the consumption of oxygen in the intra-operative and post-operative periods (21) . In procedural sedation, dexmedetomidine is used for the sedation of non-intubated patients in procedures such as awake carotid endarterectomy and vitreoretinal surgery (22) (23) (24) . In pediatric practice, dexmedetomidine is also reported to have different clinical sedation effects, although the Food and Drug Administration has not approved it for the pediatric population (25) . For example, one study demonstrated that dexmedetomidine could be employed as a primary sedation agent during cardiac catheterization in infants and children (26) . In addition, studies have indicated that dexmedetomidine can modulate the immune system; for example, dexmedetomidine protected renal functions in acute kidney injury patients by regulating inflammatory cytokines, such as TNF-α (27) , and also demonstrated the ability to reduce the secretion of IL-6, IL-8 and TNF-α in critically septic patients (28) . Finally, it has been determined that dexmedetomidine treatment reduced secretion of TNF-α and IL-6 both in plasma and bronchoalveolar lavage fluid of septic mice and inhibited the mRNA expression of toll-like receptor 4 and myeloid differentiation primary response 88 (29) .
In our clinical practice, a decreased level of inflammatory cytokines has been identified in TBI patients following dexmedetomidine treatment, thus, it was hypothesized that dexmedetomidine may regulate immune functions. To test this hypothesis, the impact of dexmedetomidine administration on the immune systems of mice was investigated, and specifically, the effect on inflammatory cytokines IL-1β, IL-6, IL-8, and TNF-α. The influence of dexmedetomidine on splenocytes was also analyzed, in order to understand how dexmedetomidine affects different types of immune cells. Finally, how dexmedetomidine regulates macrophage activation and inflammatory function was investigated. The present study may aid in the improved understanding of the regulatory functions of dexmedetomidine in TBI.
Materials and methods
Animal model. Female C57BL/6J mice (4-7 weeks old, ~20 g weight; 8 mice per group) were purchased from Welitonghua Corporation (Beijing, China). The animals were raised in a room with 12-h light/dark cycle at 25˚C with 45% humidity. The mice had free access to food and water. The TBI model was established as previously reported in the literature (30) . In brief, the mice were anesthetized using a mixture of 7.7 mg/ml ketamine and 12.3 mg/ml xylazine via intraperitoneal injection. Following shaving the mice, a petroleum-based jelly was put on their eyes to prevent drying. A solution of 10% iodine and 70% ethanol was used for cleaning. The head of each mouse was then fixed in a stereotactic frame using ear bars and a bite plate. Scissors were then used to create a longitudinal incision in the middle of each mouse's head and a cotton-tipped applicator was used to expose the skull. Forceps were employed to create pressure on the skull. Following the above operation, an impact system was used to generate a TBI with the actuator set at 3 m/sec achieving a 0.8 mm deformation depth. Following impact, applicators with cotton tips were used to remove any blood, and a warm pad was used to keep the mice warm. When bleeding had ceased, the wound area was sutured and the mice were returned into a clean cage with a warm pad. Mice were treated with 0.05-0.10 mg/kg buprenorphine via subcutaneous injection every 8 h for 2 days.
The mice were divided into three groups each containing 8 mice: Naive (mice with no treatment), trauma, and trauma + DEX. Dexmedetomidine (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was used at a concentration of 20 µg/kg and was employed to treat mice immediately following trauma induction and was administered through and intravenous (i.v.) tail injection for a single administration (25, (31) (32) (33) . Yohimbine (YOH) was selected as the α-2-adrenergic receptor antagonist (1 mg/kg; Sigma-Aldrich; Merck KGaA). All the animal experiments were performed under the guidance of the Animal Care and Use Committee at The First People's Hospital of Lianyungang (Lianyungang, China) and approved by the Animal Care and Use Committee. The animal study also followed the local and federal laws and regulations on animal protection. (Table I ), blood samples from 9 patients were used for cytokine-level tests. Male or female patients aged between 18-75 were selected for the present study. All patients did not have any other treatment at least one month prior to enrollment and exhibited no major disease. Patients who exhibited arrhythmia, renal, liver or heart failure were excluded from the current study. All patients received dexmedetomidine as a normal sedation procedure through i.v. injection at a concentration of 0.2-0.3 µg/kg/h. The treatment was performed immediately after patient admittance and lasted for ~100 min. Notably, these blood samples were not collected specifically for the present study, instead the blood samples were originally collected for various clinical examinations, and the present study obtained permission to use these samples. The samples were not used until written consent was obtained from each patient. The blood samples were centrifuged at 15,000 x g for 5 min at 4˚C to collect the serum, then sealed in a 1.5 ml tube and stored at -80˚C prior to ELISA tests. Nine blood samples were also obtained from healthy subjects who were doing blood tests for their annual physical exam. The healthy subjects who participated in the tests were notified about the study, and written permission was obtained. The present study was approved by the Ethics Committee of The First People's Hospital of Lianyungang and followed all the local and federal laws.
ELISA analysis of mouse blood samples. To assess the cytokine levels in mice, blood was collected via retro-orbital collection. In brief, ~100 µl blood was collected in heparinized tubes. The blood was then centrifuged at 15,000 x g for 5 min at 4˚C to collect the serum and serum was then stored at -80˚C. The levels of cytokines IL-6 (cat. no. 550319), IL-8 (cat. no. 555244), and TNF-α (cat. no. 558535) were determined using ELISA kits (BD Bioscience, San Jose, CA, USA) according to the manufacturer's instructions.
Isolation of splenocytes. Sham mice were anesthetized via gradual exposure to carbon dioxide for 10-15 min. Cervical dislocation was used to ensure a successful sacrifice. The spleen was collected from each mouse, and the tissue forced through a cell strainer (40 µm) with a syringe plunger to obtain a cell suspension. EDTA (10 mM) was added to the cell suspension to prevent cells from aggregating. Following PBS washes, the cells were cultured in RPMI culture medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 2% fetal calf serum (Sigma-Aldrich; Merck KGaA).
Splenocyte viability assay. For viability tests, cells collected from the spleen were cultured for 12 h. The cells were then washed with PBS twice to remove any debris or free-floating dead cells. Cells were then stained with trypan blue (1:1,000 in PBS) and viable cells were counted using a cell counter.
ELISA analysis of mouse splenocytes.
ELISA was used to analyze the levels of cytokines in the splenocyte culture medium. Cells were cultured for 60 h and 20 µl supernatant was collected and centrifuged at 15,000 x g for 5 min at 4˚C to remove the debris. The levels of IL-6 (cat. no. 550319), IL-8 (cat. no. 555244), and TNF-α (cat. no. 558535) were assessed using ELISA kits (BD Bioscience).
Macrophage viability, staining and flow cytometry.
Dexmedetomidine and YOH were used to treat macrophages for viability tests. Macrophages were isolated from mouse bone marrow and cultured in medium, as reported in the literature (34) . In brief, macrophages were cultured under standard conditions (5% CO 2 , 37˚C) in a 96-well plate (2x10 5 cells per well) and were treated with dexmedetomidine at different concentrations (10, 30 and 100 µg/ml), YOH (10 µg/ml), or LPS (1 µg/ml). The cells were cultured for another 24 h, then collected by centrifugation (500 x g for 5 min) and washed with PBS twice. Trypan blue (1:1,000 dilution in PBS) was used to stain the cells with the number of viable cells counted using a cell counter.
For flow cytometry assay, macrophages were treated with LPS (1 µg/ml), dexmedetomidine (30 µg/ml), YOH (10 µg/ml), dexmedetomidine (30 µg/ml) + LPS (1 µg/ml), and dexmedetomidine (100 µg/ml) + LPS (1 µg/ml) + YOH (10 µg/ml), in 96-well plates (1x10 5 cells per well). After 24 h, cells were washed with PBS twice then Fc-block (1:200 in PBS plus 1% BSA) was added to macrophages for 20 min at room temperature to prevent non-specific binding. Cells were stained for cluster of differentiation (CD)-80 and CD40 markers to assess the activation levels. Fluorescein isothiocyanate-conjugated CD80 (cat. no. 561954; BD Biosciences) and allophycocyanin-conjugated CD40 (cat. no. 124610; BioLegend, Inc., San Diego, CA, USA) were used diluted at 1:200 in PBS+1% BSA for 25 min. Following staining, the cells were washed with PBS twice. Cells were then added to PBS with DAPI (1:1,000 dilution) at room temperature, and the levels of surface markers were assessed by flow cytometry (FlowJo V7; FlowJo LLC, Ashland, OR, USA).
Statistical analysis. All data were expressed as average ± standard error of the mean. The statistical differences between groups were analyzed by unpaired t-tests using GraphPad Prism (v.6.02; GraphPad Software, Inc., La Jolla, CA, USA). Multiple comparisons among groups were analyzed using one-way ANOVA with a Tukey's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
No significant difference in clinical characteristics was observed in TBI patients. At our clinical practice, 115 patients who suffered TBI from different causes (i.e., car accident, falling) had their clinical characteristics recorded (Table I) . Patients were classified into two groups based on their age for two key reasons: Firstly, aging might have a role in treatment; and secondly, age is a mutually exclusive and a direct parameter for grouping the patients. The following physical characteristics were recorded: sex (male/female), age, systolic blood pressure, diastolic blood pressure, smoker, alcohol use, body mass index, blood urine nitrogen, total cholesterol (mg/dl), high-density lipoprotein (mg/dl), and fasting blood glucose (mg/dl). No statistical difference was observed between these two groups for any parameter (Table I) .
Patients with TBI have a higher level of inflammatory cytokines in blood serum. Beyond recording basic clinical characteristics, the aim of the present study was to analyze the levels of inflammatory cytokines present in the blood serum of TBI patients. The levels of IL-1β, IL-6, IL-8 and TNF-α were measured 24 h prior (Trauma group) and 8 h following the administration of dexmedetomidine (Trauma + Dex group). The cytokine level in healthy people was used as the control (Fig. 1) . Trauma patients had significantly higher levels of IL-1β (Fig. 1A) , IL-6 (Fig. 1B) , IL-8 (Fig. 1C) , and TNF-α (Fig. 1D ) compared with the healthy control group. However, following dexmedetomidine administration, the levels of IL-1β (Fig. 1A ), IL-6 (Fig. 1B) , IL-8 ( Fig. 1C) , and TNF-α (Fig. 1D) were significantly decreased compared with the trauma group. It is of note that the clinical processing of patients with TBI requires complicated procedures, where multiple therapeutic medicines or even surgery might be required. This increased the complexity of the study, therefore the effect of dexmedetomidine administration alone on levels of inflammatory cytokines in these trauma patients could not be fully confirmed. Thus, the effect of dexmedetomidine on TBI in a mouse model was investigated.
Dexmedetomidine regulates the secretion of inflammatory cytokines within 24 h in a mouse model of TBI.
The levels of IL-1β, IL-6, IL-8, and TNF-α cytokines were monitored every 8 h over 24 h in three groups of mice: naive mice, trauma mice, and trauma mice treated with dexmedetomidine. Levels of IL-1β, IL-6, and IL-8 decreased over 24 h for trauma mice treated with dexmedetomidine ( Fig. 2A-C) . It was also observed that the levels of IL-6 and IL-8 in the mice with trauma did not vary significantly from 8 to 24 h, indicating that the level of inflammation remained consistent over this period ( Fig. 2B and C) . There was no significant difference in TNF-α levels between the trauma mice compared with the trauma mice with dexmedetomidine treatment, which indicated that dexmedetomidine did not significantly affect this cytokine in mice (Fig. 2D) . The levels of IL-1β, IL-6, IL-8 and TNF-α in the three groups of mice were further analyzed at 24 h following treatment. There was a significant difference (P<0.05) in the levels of IL-1β, IL-6, and IL-8 between trauma mice and trauma mice with dexmedetomidine treatment ( Fig. 2E-G) , indicating that dexmedetomidine reduced inflammation in the mice. A somewhat reduced level of TNF-α in the trauma mice with dexmedetomidine treatment compared with trauma mice was observed; however, this difference was not significant (Fig. 2H) .
Dexmedetomidine reduces inflammatory cytokine secretion in splenocytes without affecting their viability. Splenocytes were selected for experimentation, as the spleen is a major secondary immune organ and contains different types of immune cells. The spleen has similar structure to a lymph node and has vital roles functioning as part of the mononuclear phagocyte system, metabolizing haemoglobin from red blood cells (35) . In addition, the spleen can produce antibodies and remove bacteria or old blood cells. The spleen contains at least half of the monocytes in the body which are capable of differentiating into dendritic cells and macrophages, both of which are vital immune cells (35) . Splenocytes were collected from the spleens of naive mice and processed into a single-cell suspension. It was identified that dexmedetomidine at various concentrations (10, 30 and 100 µg/ml) and YOH treatment did not affect the viability of splenocytes (Fig. 3A) . Next, the levels of inflammatory cytokines in the different treatment groups were analyzed at 48 h post-treatment (Fig. 3B-E) . Following LPS treatment, increased levels of IL-1β, IL-6, IL-8 and TNF-α were observed compared with control untreated cells (Fig. 3B-E) . Dexmedetomidine reduced the levels of IL-1β, IL-6, IL-8 and TNF-α, with dexmedetomidine at a higher concentration (100 µg/ml) more effective in reducing inflammation compared with dexmedetomidine at a low concentration (30 µg/ml; Fig. 3B-E ). Combination treatment with YOH, dexmedetomidine and LPS resulted in increased secretion of cytokines compared with the samples treated with dexmedetomidine and LPS alone (Fig. 3B-E) , suggesting that YOH compromised the anti-inflammatory effects of dexmedetomidine.
Dexmedetomidine regulates the expression of CD40 and CD86 surface markers on macrophages. Macrophages are one of the most important cells that regulate the immune system, therefore the impact of dexmedetomidine on macrophage function was investigated. Results demonstrated that viability was not affected by the various treatments tested in the present study (LPS, dexmedetomidine, dexmedetomidine + LPS, dexmedetomidine + LPS + YOH; Fig. 4A ).
The activation of macrophage surface markers was then analyzed by flow cytometry. LPS stimulated the activation of CD40 and CD86 surface markers on macrophages (Fig. 4B-D) . By contrast, dexmedetomidine and YOH treatments alone did not stimulate activation of CD40 or CD86 surface markers compared with control, instead displaying similar levels of expression to the control, indicating that these drugs did not promote macrophage activation (Fig. 4D) . The use of dexmedetomidine reduced the expression of CD40 and CD86 markers compared with cells treated with LPS alone, which indicated that dexmedetomidine can offset the stimulatory functions of LPS (Fig. 4B-D) . Compared with cells treated with LPS + dexmedetomidine, the cells treated with LPS + dexmedetomidin + YOH had increased expression of these surface markers, indicating that YOH can inhibit dexmedetomidine function (Fig. 4B and C) . The percentage of cells expressing CD40 on their cell surface in the CTRL, LPS, dexmedetomidine, YOH, dexmedetomidine + LPS, and dexmedetomidine + LPS + YOH groups was 13.7, 82.3, 11.3, 12.5, 58.5, and 63.9%, respectively (Fig. 4D) . The percentage of cells expressing CD86 on their cell surface in the CTRL, LPS, dexmedetomidine, YOH, dexmedetomidine + LPS, and dexmedetomidine + LPS + YOH groups was 12.3, 84.5, 10.2, 9.7, 61.1 and 69.7%, respectively. Taken together, these findings indicated that dexmedetomidine reduced the inflammatory responses of macrophages.
Discussion
TBI is typically caused by external forces, such as blast waves, rapid acceleration or deceleration, which leads to temporary or long-term damage to cognitive function. Worldwide, TBI caused >57 million hospitalizations and >10 million deaths each year (36, 37) . Clinically, TBI is complicated and usually includes immediate mechanical damage to brain tissues, causing injury to blood vessels and stretching of neurons. Beyond the primary direct damage, TBI also involves secondary damage from the cascades of metabolic and molecular mechanisms, causing neuronal death and tissue damage. In clinical practice, patients may receive different types of treatments to prevent further trauma damage, which may potentially influence the functions of dexmedetomidine. For example, intravenous anesthesia, including ketamine, propofol or etomidate, might be utilized (38, 39 ) which typically will not interact with dexmedetomidine; however detailed interactions require future study. For the animal model of the present study, this factor was not considered since this would make the study excessively complicated. However, to understand the impact of dexmedetomidine comprehensively, future studies need to illustrate the potential influence of other accepted clinical treatments to dexmedetomidine functions.
The present study selected IL-1β, IL-6, IL-8, and TNF-α as the target cytokines to analyze the roles of dexmedetomidine in modulating inflammation. IL-1β is a key mediator of inflammation in both the peripheral and central nervous systems. The association between IL-1β and TBI has been comprehensively studied in both the focal and diffuse injury models (40, 41) . In healthy individuals, the levels of IL-1β are barely detectable. By contrast, in TBI patients, the levels of IL-1β increase due to the inflammation (42) . Current studies have also identified IL-1β concentrations in post-mortem tissues of TBI patients within several hours of injury occurrence (43) . TNF is a multifunctional pro-inflammatory cytokine. Studies using TNF and TNF receptor knockout mice identified that TNF knockout mice with TBI have higher mortality rates and longer recovery times (44, 45) . IL-6 has been extensively investigated in different physiological and pathophysiological processes, confirming the regulatory roles of IL-6 in inflammation, immunity, and neural development (46) . It is of note that IL-6 is suspected to have vital roles in other diseases, such as autoimmune disease, Alzheimer's disease and TBI, where it is upregulated (47, 48) . Similarly, studies have demonstrated that levels of the inflammatory cytokine IL-8 peaks following TBI (49) . Therefore, the present study investigated these cytokines in both patients and mice with TBI. The current study demonstrated that patients with TBI had a higher level of inflammatory cytokines. The level of inflammatory cytokines decreased over 24 h following dexmedetomidine treatment. These results are consistent with existing studies that have revealed that the level of inflammatory cytokines including IL-1β and IL-6 increased in patients with TBI (42, 46) .
The roles of macrophages have been previously studied in central nervous system injury models, such as ischemic stroke and TBI. Necrotic debris clearing and wound repair are vital functions of macrophages (50) (51) (52) . Studies using different models, such as experimental autoimmune encephalomyelitis, demonstrated that macrophages also regulate the production of IL-10 and transforming growth factor cytokines, indicating that macrophages have different roles in brain injury (53, 54) . Therefore, the present study selected macrophages as the candidate cell for investigating the roles of dexmedetomidine in the TBI mouse model. The immune system is very complicated with a variety of immune cells therefore the present study focused on investigating the roles of splenocytes and macrophages. These two large types of cells were selected because the spleen is a key secondary immune organ and macrophages have a vital role in regulating inflammation. The present study revealed an enhanced level of inflammatory cytokines in mice stimulated with LPS. These results indicated that the use of dexmedetomidine reduced the level of inflammatory cytokines. Treatment with YOH offset the function of dexmedetomidine and caused an increase in the level of inflammatory response. These results indicated that dexmedetomidine reduced inflammation in patients with TBI, thus providing protection from secondary damage. Additionally, one of the major functions of dexmedetomidine is clinical sedation. The sedative and anti-inflammatory functions indicate that dexmedetomidine is a valuable choice for the treatment of patients with TBI.
Future work will involve analyzing the impact of dexmedetomidine on different types of immune cells, such as regulatory T cells, cytotoxic T cells and dendritic cells, in the disease mouse model. In brief, investigation into whether dexmedetomidine has a role in balancing the relative ratios of different types of T cells and also whether it can impact antigen-presenting functions of dendritic cells is planned. In addition, the present study focused on the impact of dexmedetomidine on the secretion of inflammatory cytokines over 24 h in the mouse model, since TBI requires fast treatment to the patients; however, the long-term effects of dexmedetomidine also need to be investigated.
In summary, the present study observed decreased levels of inflammatory cytokines following administration of dexmedetomidine in patients with TBI. It was hypothesized that dexmedetomidine could modulate immune functions in TBI. To test this hypothesis, the impact of dexmedetomidine on the production of inflammatory cytokines in mice with TBI was investigated. In addition, the influence of dexmedetomidine on splenocytes was determined to understand how dexmedetomidine affects different types of immune cells. It was demonstrated that dexmedetomidine could downregulate inflammatory cytokines. Finally, how dexmedetomidine mediates macrophage activation and inflammatory cytokine production was determined. The present study provided evidence aiming to better understand the regulatory functions of dexmedetomidine in TBI.
